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Effect of acid stress on the embryonic development 
of the common carp (Cyprinus carpio)
F.G.F. Oyen, L.E.C.M.M. Camps and S.E. Wendelaar Bonga
Department o f Biology, Faculty o f  Science, University o f  Nijmegen, Nijmegen, The Netherlands 
(Received 8 February 1990; accepted 3 October 1990)
Sensitivity o f  eggs and sac fry of the common carp {Cyprinus carpio) to pH levels in the  range o f  4.5 
to 7.5 was assessed up to 117 h after fertilization. Studied parameters were rate o f em bryonic development, 
time and duration of hatching, and spinal cord deformation. In the pH  range between 4.75 and 5.2 egg 
mortality was highest and a delay in the rate o f embryonic development and hatching was observed in 
the surviving embryos. A  strong increase of spinal cord deformation o f  sac fry occurred in  the low er pH  
ranges (pH 5.5-4.75). Common carp appeared to  be more sensitive to acid stress than m any other species 
of fish.
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INTRODUCTION
Numerous investigations have shown that acidification o f  poorly buffered aquatic  
systems leads to diminished fish populations (Fromm, 1980), This effect appears to 
be mainly due to recruitment failure (Leivestad et al., 1976). The dominant fish spe­
cies in weakly buffered waters are mainly salmonids, and consequently studies o n  the 
effects o f  water acidification have primarily been focussed on this group of fish. For  
example, various studies on different trout species showed that eggs and larvae are 
more vulnerable to acid stress than adults (Daye and Garside, 1979; R om bough, 
1982; Kwain and Rose, 1985). For trout, the highest mortality occurred in  the embry­
onic stages before retina pigmentation (Trojnar, 1977). In surviving embryos prolon­
gation o f the embryonic development occurs (Rask, 1984), delaying hatch activity  
and moment o f  hatching (Peterson and Martin-Robichaud, 1985) and increasing the 
risk o f  infection.
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2In western Europe the effects o f  acidification are also becoming more and more 
evident in moderately buffered waters (Leuven, 1988). These waters are mainly domi­
nated by cyprinids. Effects o f  acidification on the reproductive success o f this group 
are largely unknown. W e therefore studied the effect o f  acid stress on the embryonic 
development o f  one o f  the m ost important cyprinids, the com m on carp (Cyprinus 
carpio), using the following parameters: rate o f  embryonic development, embryonic 
and larval mortality, hatching dynamics and spinal cord deformation.
M ATERIALS A ND METHODS
Fertilization and incubation o f  eggs
Carp gametes were obtained by artificial induction o f  ovulation and spermiation. 
For this purpose carp varying in weight between 1 and 1.5 k g  were intramuscularly 
injected with a carp pituitary powder suspension (cps) in a 0.9% N aC l solution. Fe­
males were first injected with 0.6 mg cps/kg fish, while males received 2.0 m g cps/kg 
fish. Twelve hours later, the females obtained an additional dose o f  6.0 m g cps/kg 
fish. Twenty-four hours after the first injection, gametes o f  males and females were 
stripped, eggs and sperm mixed, and fertilization induced by addition of water. Im­
mediately thereafter eggs were placed in the egg incubator. T o avoid damage to the 
egg membrane, the routine chemical removal o f  the sticky layer o f the eggs was omit­
ted.
Two egg incubators were used to expose eggs and larvae to  water o f  different pH  
values. Both incubators contained 3 identical recirculation systems enabling us to 
vary the pH in each o f  the 6 systems separately. Each system consisted of 5 incuba­
tion units, containing a Petri dish suitable for rearing about 200 eggs. The carp eggs 
adhered to the glass o f  the Petri dishes, thus facilitating observation during the expe­
riments. The flow o f  water in every incubation unit was adjustable, and a sieve which 
covered the outlet prevented thé escape o f hatched larvae. Entering water was steri­
lized with ultraviolet light. N o  chemical disinfectants were used. In every system, the 
sterilization unit was surrounded by a thermal bath for temperature control 
(25±0 .2°C ). N ine hours after fertilization, all non-fertilized eggs were removed. 
Nijmegen tap water (main ion  concentration o f  the water in  mmol/l: Ca, 0.8; N a, 
1.9; K , 0.05; Cl, 3.1; M g, 0.2) was used. The main ion concentrations o f  this water 
are within the normal range found in natural waters containing carp populations. 
The p H  in the control system remained at 7.5. Experimental media were adjusted 
to  pH 4.5, 4.75, 5.0, 5.08, 5.15, 5.35, 5.5 or 5,9 by adding diluted sulfuric acid (0.01 
M ), T o  maintain pH levels, a pH stat system (fluctuation 0.02 pH units) was used. 
The CO2 formed during the acidification of the test media was allowed to escape be­
fore the eggs were placed into the incubation units.
Rate o f  embryonic and larval development
An embryonic development table o f  carp eggs was made under control experimen-
3tal conditions (pH 7.5, 25°C). Eggs were examined under a  dissection m icroscope 
(10-60 x magnification) and the progressive embryonic stages were described. D u r­
ing the first 20 h after fertilization, eggs were examined every 15 min; between 20 and  
65 h every 20 min and between 65 and 125h every 12 h. Effects o f  pH o n  eggs and  
larvae (n = 15) were established by determination o f  the embryonic developm ental 
stages every 12 h. This was continued until 84 h after fertilization.
Determination o f m ortality, hatching dynamics and deformation 
During several experiments, eggs were exposed to water o f  pH 7.5 (control) and 
to pH 4.5,4.75, 5 .0 ,5 .08 ,5 .15 ,5 .35 ,5 .5  or 5.9. Each incubator had one control group  
and two experiental groups. Every group consisted o f  5 Petri dishes containing about 
200 eggs each. Dead eggs and larvae were counted and removed every 12 h  to prevent 
fungus growth, starting at 9 h and ending 117h after fertilization. Eggs were consid­
ered dead when parts o f  the content turned opaque and white. F or stages character­
ised by heart beat, its absence was used as criterion.
Hatching dynamics were studied in experimental groups submitted to media o f  pH  
4.75, 5.0, 5.15, 5.35, or 7.5. Every hour the percentage o f  hatched larvae was estab­
lished for each Petri dish, starting at 50 h after fertilization and lasting until 106 h 
after fertilization. Hatching was defined as rupture o f  the egg membranes by the tail. 
Fully as well as partially hatched larvae were counted. The hatching period was de­
fined as the time span between hatching o f  the first and the last larvae.
After hatching, some larvae appeared to have a deformed (curved) spinal cord. D e ­
formed larvae o f  the groups incubated at pH  4.75, 5.0, 5.5, 5.9, or 7.5 were counted  
immediately after hatching.
Data were analysed for statistical significance with Student’s f-test.
RESULTS
Effect o fp H  on the rate o f  embryonic and larval development 
Embryonic development o f carp eggs was standardized by classifying the m ost im ­
portant developmental stages at pH 7.5 as shown in Table I. This pattern was used  
to compare the rate o f egg and larval development in acidified water. The results are 
presented in Fig. 1. Compared to controls no difference in developmental rate o f  any 
.o fthe experimental groups was observed during the first 15 stages. From  stage 15 
onward development was delayed. A t pH 4.5 development stopped completely about 
21 h after fertilization (stage 16). Embryos submitted to pH levels between 5.0 and
5.5 hatched at earlier developmental stages.
Effect o f  p H  on m ortality, hatching dynamics and deformation 
Mean cumulative mortality percentages o f  eggs and larvae exposed to acid water 
after fertilization are shown in Fig. 2, M alfunction o f  the pH-stat system s regulating 
the pH at 5.08 and 5.35, resulted in abortion o f  these experimental groups after 33
4TABLE I
Appearance o f embryonic stages under control conditions (pH 7.5, temp. 25±0.2°C) fo r com m on carp, 
arranged in chronological sequence. Eggs were examined every 15 min fo r 0-20 h after fertilization; every
20 min for 20-65 h and every 12 h after 65 h.
Stage Main developmental feature Time after fertilization
00
1 fertilization 0
2 2-cell stage 1.00
3 4-cell stage 1,15
4 8-cell stage 1.40
5 I6-ceIlslage 2.00
6 32-cell stage 2.30
7 early morula 3.00
8 late morula 5.00
9 early gastrula (30$6 invagination) 6.30
10 late gastrula (blastopore) 9.00 
U neurulation 12.00
12 chordalion 14.00
13 4 somite pairs 15.00
14 16-18 somite pairs 17,00
15 26-28 somite pairs 20.00
16 ventriculation 21.20
17 otic capsule visible, start o f embryonic
movements 22.40
18 brain ventriclcs present 25,40
19 heart activity 26.40
20 pigmentation o f the eye 30.00
2 1 b lood  circulation, otoliths 33.00
22 appearance of pectoral fins 34,00
23 melanophores appear on yolksac 35.00
24 melanophores appear on side line 40.00
25 few melanophores appear on head region (20) 43.00
26 many melanophores appear on head region 45.20
27 angle between head and body axis is 70-80®;
no blood vessel in pectoral fin 53,00
28 angle between head and body axis is 
approx. 30°; pectoral fin can
move and contains vena subclavia 55,00
29 angle between head and body axis is 
approx. 19°; development of 
operculum and gill filaments; operculum
covers the first three gill arches 60.00
30 operculum covers five gill arches; cloaca
breaks through to external environment 65.00
31 swim bladder filled with air 77^0
5and 69 h, respectively. Cumulative mortality increased progressively with decreasing  
pH . Mortality after 21 h o f  exposure w as already increased at pH 5.5 (P <  0.05). The 
highest mortality occurred during the first 45 h after fertilization. A t pH  4.5 m ortality  
reached 100% 57h after fertilization. Fig. 3 presents the relationship between the 
mean cumulative mortality percentage at every sampling time to the different water 
pH. An exceptional increase in mortality at pH  5.0 was observed when com pared  
to the group at pH 5.15. The 96LC50 value is pH  5.04. In Fig. 3 (inset) the m ortality  
rate o f  the different pH groups per 12h is shown. The mortality increased progres­
sively with decreasing pH; the m ost sensitive stage appeared to be the first day after 
fertilization. Afterwards the mortality rates dropped almost to  control levels, but in­
creased again during and after hatching at pH  5.0 and 4.75. N o eggs survived pH  
4.5, at which the mortality rate remained high after day one follow ing fertilization.
Fig. 4 shows the relationship between the mean cumulative hatching percentages
Fig. I. The effects o f acidification on the rate o r  embryonic nnd iarvnl development. Every p o in t is the 
mean o f 15 individual values; bars indicate minimum and maximum stages. The horizontal axis shows 
time in hours after fertilization, the vertical axis the serial numbers o f  the sequential stages, spatially ar­
ranged uccording to the corresponding times o f  the standard development a t  25°C,
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Fig. 2. Cumulative mortality percentages (means ±  SD; n = 5 )  os a function of time after fertilization, 
shown for every experimental group.
and hours after fertilization at pH 7.5, 5.35, 5.15 and 5.0. W ith decreasing pH, the 
tim e o f  hatching w as progressively delayed. After 58 h only 54% o f the eggs at pH 
5.15 had hatched, while the hatching percentage at pH 7.5 was already 95% 
( iJ< 0 .02 ). According to Fig. 4 (inset), the delay o f  the 50% hatching point was most 
prominent between pH 5 .2 and 4.75. The 50% hatching point at pH 4.75 was delayed 
45 % relative to that o f  the control. The delay in hatching time was much more pro­
nounced during the later period o f  the hatching process than at earlier hatching 
stages. Apart from hatching time, duration of hatching process also appeared to be 
affected by acid stress. A s shown in Fig. 5 the duration o f  the hatching process in­
creased with decreasing water pH below pH  5.35. At pH  5.15, this increase was sig­
nificant when compared to pH 7.5 (P ^ 0 .02 ).
In Fig. 6 the percentage o f  deformed larvae is related to water pH. Between pH
5.5 and 4.75 a  very strong increase in the number o f hatched larvae with deformed 
spinal cord was apparent. This increase was already significant at pH 5,5 (P^O.OOl). 
A t pH 4.75, up to 65 % o f  the larvae were deformed.
DISCUSSION
Water acidification below  pH 5.2 appeared to be lethal to carp larvae. Already at
7Water pH
Fig. 3. The relationship between the cumulative m ortality (means; h= S)  and  the pH  of the experimental 
groups, given for every sample time. Inset: m ortality rate/12h (calculated values) related to  tim e a ïïe r  fer­
tilization, shown for every experimental group.
pH  5.5 effects became apparent through delayed rate o f  embryonic developm ent, in­
creased mortality percentage, delayed hatching time o f  the eggs, elongation o f  the 
hatching process, and elevated deformation percentage, Negative effects o f  such rela­
tively moderate levels o f  acidification on teleost fish are, in our opinion, unexpected. 
Contradictory observations have even been reported for salmonid species. F o r  exam ­
ple Kwain and Rose (1985) observed delayed organogenesis o f  Salvelinus fon tinalis  
embryos, only after hatching at pH 5.0. Furthermore, Daye and Garside (1979) did 
not find any influence o f  acid stress on the rate o f  development o f  Atlantic salm on  
(Salmo salar) at pH 6.8-3.7. Trojnar (1977) even found a more rapid developm ent 
at pH levels lower than pH 5.0 for brook trout (Salvelinus fontinalis). A lthough dif­
ferences in experimental conditions urge to proceed with caution, these data suggest 
that eggs o f  salmonids are less sensitive to acid stress than eggs o f  com m on carp.
One might expect that the observed delay in hatching time o f  carp larvae paral­
lelled the developmental delay, and that therefore the embryos would hatch at the
sHours after fertilization
Fig. 4. The relationship between the relative cumulative hatching percentage (means ±  SEM; n = 5 ) and 
time after fertilization, given for different pH values. Inset: 50% hatching time delay relative to control 
(calculated values) versus water pH.
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Fig. 5. D uration time o f  the hatching proccss (means ±  SD; n =5), related to water pH,
Fig. 6. Percentage spinal cord deformation (means ±  SD; n ■= 5) versus water pH.
9same stage in all the experimental pH groups. However, this was on ly  partly the case. 
Delay in hatching time was less pronounced than the developm ental delay. Larvae 
submitted to acid stress did hatch at an earlier developmental stage than the larvae 
o f  the control group. This phenomenon has not been reported before. It w ould  impli­
cate that newly hatched carp larvae exposed to low pH are more sensitive to  environ­
mental stress because o f  incomplete development.
We observed that the mortality increased progressively with increasing w ater acidi­
ty. The critical level was between pH 5.15 and 4.75. A  very acid-sensitive period ap­
peared to be the first stages after fertilization. This phenomenon has also been re­
ported for other species o f  fish such as Stizostedion vitreum, Calostom us commersoni, 
Coregonus clupaeiformis and Notropis cornutus (Holtze and Hutchinson, 1989). In 
Table II critical pH levels for eggs and larvae o f  different species o f  fish are listed. 
Common carp seems to be more sensitive to acid stress than other species o f  fish.
We found that the hatching time and the hatching period o f  carp eggs were in­
fluenced by pH. Similarly, Rask (1983) found that eggs o f  Perca f lu v ia ti l i  reared at 
pH 4.0 showed a delay in hatching time relative to that o f  the control. H e a lso  found  
a pH dependent elongation o f  the hatching period. Delay in hatching time as a result 
o f  acid stress was further found for Pimephales promelas (M ount, 1973), Salm o trutta  
fario  (Brown and Lynam, 1982) and Salvelinus fontinalis (Swarts et al., 1978). For 
Salmo salar, Peterson et al. (1980) found no delay in the hatching tim e upon exposure 
o f  the eggs to low pH immediately after fertilization. However, w hen eggs were ex­
posed after the eye pigmentation stage, considerable hatching delay was observed. 
This was also the case for Stizostedion vitreum (Holze and H utchinson, 1989) and 
Salvelinus fontinalis (Kwain and Rose, 1985). Carrick (1977) however, found no ef­
fect o f acid stress on the hatching time o f  Salmo salar, Salmo trutta, and Salm o trutta, 
fario  eggs. Neither did M enendez (1976) find such effects for Salvelinus fontinalis. 
Trojnar (1977) found a reduced hatching time for eggs o f  S. fon tinalis  upon exposure  
to acid. Thus, delay o f  hatching time as observed in carp has frequently been found  
for eggs o f  other fish species. This may implicate that the eggs in acid water are viable 
to predation for a longer period than are eggs in neutral water.
Delay in hatching time has been attributed to the decrease in the activity o f  secret­
ed chorionase by acid exposed larvae (Peterson et al., 1989). This enzyme has its opti­
mum at pH 8.5 (Hagenmaier, 1974). Rask (1983) and Peterson e t  al. (1980) have 
found that the pH o f  the perivitelline fluid drops within a few hours to alm ost that 
o f  the incubation medium. Since the hatching enzyme is secreted into the peri vitelline 
fluid, this pH  drop may cause its inactivation. Peterson and M artin-Robichaud  
(1983) have suggested that decreased trunk movements o f  em bryos reared at low pH  
contribute to delayed hatching by less efficient chorionase distribution, causing de­
layed rupture o f  the chorion. In our opinion pH dependent deformation o f  the  larvae 
could result in trunk movements that are less effective in rupturing the egg  mem­
brane. Furthermore, there seemed to be a change in structure o f  the perivitelline fluid 
at very low pH levels. It became less liquid thereby impairing embryonic m ovem ents.
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TABLE II
Lethal pH levels Tor eggs und larvae o r different teleost species.
F ish species Lethal pH Reference
Alosa aestivalis 96LC50: 6.3 K laudaeta l., 1987
Notropis cornutus 96LC50: 5.4 Hollze &  Hutchinson, 1989
Cyprinus carpio 96LC50:5.04 This paper
Stizostedion vitreum 96LC50:4.9 Holtze & H uchinson, 1989
Catostomus commersoni 96LC50:4.7 Holtze & Hutchinson, 1989
Coregonus clupaelformis 96LC50:4.6 Holtze & Hutchinson, 1989
Jordanella floridae 5.0-6.0 Craig & Baksi» 1977
Morene saxiiatis 5.5 M ehrleetal., 1984
Rutihisrutiius 4.7-5.6 Johansson & Kihlstrom, 1976
Cyprinus carpio 4.8—5.4 This paper
Micropterus dofomleu 5.1 Kane & Rabeni, 1987
Pimephales prometas 4.5-5.2 M ount, 1973
Salmo gairdnerí 4.75 Kwain, 1975
Salvelinus alplnux 4.6-5.0 Jagoeet al., 1984
Salvelinus fontinalis 4.5-5.0 Kwain & Rose, 1985
Salmo salar 4.0-5.0 Peterson et ai., 1980; 
Daye & Garside, Í979; 
Carrick, 1979
Salmo trutta 4.5 Carrick, 1979
Salmo trutta fario 4.5 Carrick, 1979
Percaßuvlatilis 4.0-4.6 Uask, 1983;
Leuven et al., 1987; 
Johansson & Milbrink, 1976
E sox lucius 4.2-4.3 Johansson & Kihlstrom, 1975; 
Leuven et al., 1987
These factors, in combination with the pH  dependent delay in rate o f development, 
m ay very well be the main causes o f  hatching time delay o f  carp eggs.
We did n ot observe any difference in larval deformation percentage in the pH  
range 7 .5-5.9. Between 5.5 and 4.75, however, the percentage o f  deformation in­
creased strongly (up to 65 %). Larval deformation at low pH  was also found for Pime­
phales prom etas (M ount, 1973) and Perea fluviatilis (Runn et al., 1977), whereas for 
Salmo salar no relationship between larval deformation and water pH was found 
(Daye and Garside, 1979; Peterson et al., 1989). Runn et al. (1977) have suggested 
that hatching delay coupled with the smaller inner egg volume (as a result o f  low  
pH ) may cause larval deformation. We found that embryos were already deformed 
before the hatching started. This means that the deformation is not a result o f  the 
delay in the hatching time. Our impression is that the degree o f  deformation is 
stronger after increased delay o f  hatching. The deformed embryo may not be able 
to rupture the chorion at the right time; afterwards the chorion prevents the larvae 
from  stretching during its further growth within the egg.
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W e found that the critical pH level for carp eggs ranged between 4.75 and 5.2, 
which is about 1 pH unit higher than the critical value for juveniles (30 g, personal 
observations). Although extrapolation from the laboratory to the field situation re­
quires caution, this indicates that carp populations in nature are already seriously 
threatened at pH  5.2. In addition, at this pH aluminium exerts maximum  toxicity  
(pH 5.2—5.4; Baker, 1982). Since acidification is often accompanied by elevated levels 
o f  aluminium in natural water bodies (Driscoll, 1980), the lowest pH  limit where suc­
cessful reproduction can be expected in nature may even be higher than pH 4 ,75 -5 .2 . 
This is currently under investigation.
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